The effect of rainfall on spatio-temporal variability of water quality and flow dynamics in the Shakujii and Sumida river estuaries was studied. The water level, salinity, turbidity, and flow velocity were observed for 12.5 hours after the occurrence of heavy rain on Nov. 11, 2016. Suspended sediment concentration (SSC) was analyzed. The results of the study showed mesotidal river estuaries having stratified to partially well mixed water columns. Rainfall brought a large freshwater discharge which caused the estuaries to be stratified, diminishing mixing and circulation in some stations. The saline water influx from Tokyo Bay was evident in the bottom layer of Sumida and Shakujii rivers while the buoyant freshwater flows in the upper layer. Comparing the different stations, Shakujii and upstream Sumida were largely affected by freshwater while downstream Sumida has a brackish water nature. Through the analysis of salinity and SSC, the phenomena of bottom sediment uplift, flocculation and erosion from local turbulent eddies were observed. Particulate organic matter and SSC relationship was also studied, which showed linear trend in the upstream while inorganic matter dominated the downstream. Other than rainfall, topography was identified to cause stratification. In Sumida river, deeper bottom depth decreased vertical mixing while in Shakujii river, salinity was retained due to bathymetry irregularities.
INTRODUCTION
Urban rivers receive combined industrial and residential flow in the sewage. When the fresh water from land drainage and rivers mixes with salt water from the oceans, the enclosed body of water is categorized as an estuary 1) . The mixing of the fresh and salt water is highly influenced by topography, river flow and tidal action 2) . Although water in urban tidal estuaries are monitored and ensured to adhere to standards, the deterioration of water quality is aggravated with saltwater intrusion and pollution 3) . Water quality characteristics, flow regime and water environment significantly change with the occurrence of rainfall. During storms, overland runoff and untreated water combine in river channels resulting to river pollution. A huge percentage of the annual sediment discharge occur during the rainstorm-runoff period 4) . In addition, the implications of salinity intrusion may be significant to sedimentation and dispersion of pollutants 5) . Sediment transport affects water quality and its deposition reduce flood carrying capacity of channels. Sediment is a major water pollutant that may function as catalyst and carrier of pathogens, organic compound residues and other forms of pollution 6) . Sediment distribution constantly change in estuaries due to weather influences and changing river flow and tidal range. With these conditions, no two estuaries are alike. To fully understand the unique details
Fig1. Location map of the study area; observation stations in Shakujii River (Sh1, Sh2) and Sumida River (Su1, Su2); and Shakujii River gauging stations in Mizotabashi (Mi) and Kagabashi (Ka).
and governing principles in the estuary, studying the variability may be more important than the mean conditions alone 2) . Limited studies were done to evaluate water quality and flow during storm periods due to the harsh weather condition, limited observation time and items. The dynamics in multi-branched rivers were also minimally studied. Some researches conducted during storm periods focused on pollution load, suspended sediment concentration (SSC) and hypoxia but on a single river estuary only 7, 8) . Furthermore, very few studies have been conducted for the Shakujii river.
The present study determined the effect of rainfall on salinity, suspended sediment and flow dynamics in the Shakujii and Sumida river estuaries. The spatial and temporal variability of the parameters upstream and downstream of the rivers were analyzed. The factors affecting the flow and trend of salinity and SSC were also analyzed.
METHODOLOGY (1) Site Description
The Shakujii river estuary is characterized in zoning typology as an urban river with the presence of parks, high rise residences, offices, commercial and small industrial facilities. The river flows through Tokyo Metropolitan area at about 25.23 km upstream from its junction to Sumida River. The total catchment area is 48.12 km 2 with 154 outfall chambers 9) . The confluence of Shakujii with Sumida River is found at 16.15 km in reference from the Tokyo Bay mouth where the Sumida River empties (Fig.1) .
The location of the Sumida river estuary is on the west side of Tokyo Bay and it branches from the Arakawa River and Shingashi River. The river length is 20.4 km with its upstream and downstream edges located at the Iwabuchi sluice gate and around the lower area of Tsukiji Market, respectively. It has a drainage basin area of about 390 km 2 including the Shingashi River and tributaries such as the Shakujii and the Kanda Rivers coming from the Musashino Upland 10, 11) . Several water level gauging stations are located along the Shakujii River. From the junction of Shakujii River and Sumida River, Mizotabashi and Kagabashi are located upstream at 645 m and 3.43 km, respectively.
(2) Sampling Strategy
A reconnaissance survey was initially conducted to identify the observation stations. Gauging stations were located, especially those whose water level was monitored by the Tokyo Metropolitan Government.
The study was conducted on Nov. 11, 2016 where the total daily rainfall value recorded was 43.5 mm. The water level, salinity, turbidity and flow velocity of the multi-branched rivers were observed from 9:30 to 22:00 with 30 minutes interval of data gathering. Water quality parameters such as salinity and turbidity were measured in each stations using a multi meter with optical backscatter sensor for turbidity and conductivity-temperature-depth probes (JFE Advantech AAQ). The water quality measurements were conducted at 0.1 meter depth interval across all observation stations in Shakujii 1 (Sh1), Shakujii 2 (Sh2), Sumida 1 (Su1) and Sumida 2 (Su2) (Fig.1 ).
Topographic differences has important influence on the flow structure of estuaries 2) . The topographic elevation of the Shakujii and Sumida rivers were obtained from the Tokyo Metropolitan Government and was analyzed (Fig.2) . The rainfall intensity data was also gathered from the website of the Japan Meteorological Agency to determine its effect on the freshwater discharge in the upstream Shakujii river Kagabashi gauging station (Ka) (Fig.1) .
Water level was measured at Sh1, Sh2 and Su1 using a sensor (U-20 water level logger, HOBO). An electromagnetic current meter (EM) (INFINITY-EM, JFE Advantech) with data logger was used to measure the water velocity in Sh1 and Su1. Since the width of the bridge in Su1was 99.0 m, the bridge was divided into three sections and the velocity was later averaged for the velocity profile distribution. A total of four EMs were lowered simultaneously, one in Sh 1 and three in Su1. The device were lowered at 0.5 meter interval in Sh1 and at 1.0 meter interval in Su1.
(3) Laboratory Analysis
Water samples were collected and brought to the laboratory for analysis of SSC. The samples were filtered through oven dried and pre-weighed glass Depth (A.P., m)
H.W.L.
Su2 channel width (m) c2
microfiber filters with pore size of 0.7 µm. The filtration and gravimetric methods were conducted for SSC analysis. The values obtained from the SSC analysis were also compared with the on-site turbidity values of the water samples. The turbidity of the water samples (in FTU) were measured prior to storage in sampling bottles. Linear regression was performed to determine the correlation of SSC and turbidity to generate the equation (1) for conversion (Fig.3 ).
Concentration of particulate organic matter (POM) from the filtered suspended sediment was analyzed using the loss on ignition analysis.
RESULTS AND DISCUSSION (1) Meteorological data, tide and discharge
The highest rainfall intensity and discharge for November 2016 occurred on Nov. 11 (Fig.4a) . The freshwater discharge (Fig.4a) and semi-diurnal tidal cycle (Fig.4b) showed that Shakujii river is influenced by both river discharge and tidal flow.
The buoyant freshwater flows on the upper layer while the saline water moves slower at riverbed as seen in the velocity distribution of Sh1 (Fig.5a2) . This estuarine circulation illustrated that the less dense freshwater layer results to a net seaward flow while the sea water along the river bottom has a net landward flow. Su1 on the other hand showed higher saltwater and freshwater interaction. Tidal amplitude had a larger effect on Su1 particularly during flood tide. This condition is common to downstream areas that are near to the source of saline water. During low tide, freshwater discharge still had an effect in Su1 as shown in the high positive seaward flow in the velocity distribution (Fig.5a4) . Fig.5b shows the vertical distribution of salinity for different stations during the semidiurnal tidal cycle. Flood tide brought water from the Tokyo Bay while rainfall caused high freshwater flow. The time delay of discharge impulse of the high river flow diminished the mixing of the freshwater and saline water, affecting salinity and causing stratification.
(2) Temporal variation
The vertical distribution of salinity was uniform from the beginning of the data gathering up to 11:00 and 14:30 for Sh1 and Sh2, respectively. The salinity intrusion started in Sh1 at 11:00 but the salinity profile in Sh2 changed at 15:00 where the bottom salinity varied from 1.4 to 4.6 at start of intrusion. 
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Computing for the velocity of the saline water against a distance of 912 m from Sh1 to Sh2, the salt water moved upstream during flood tide for four hours. It is however interesting that the saline water was retained in the Shakujii river until the low tide. This stratification was caused by bathymetry irregularities in the estuary (Fig.2b) .
Su2 was found to have higher salinity values than Su1. This condition was validated by investigating the topography (Fig.2c ) which showed elevation difference causing saltwater retention. The larger depth in Su2 decreased the ratio of river flow to tidal . The SSC in Shakujii river was initially high at 70 to 100 mg/L due to runoff and the suspended sediments advected from upstream to downstream of the river. The high SSC of 30-88 mg/L in the bottom layer of Su1 towards the end of the ebb tide at 19:30 to 22:00 might have been caused by bottom sediment erosion. This phenomena may have occurred due to the shallow water and rough riverbed where turbulent eddies develop at the bottom that dissipate upwards into the main flow 12) . Bottom turbulence is however not observed in Su2. In reference to Fig. 2 , the topography shows that Su1 has shallow water level while Su2 was deeper. Bottom friction is highly significant in shallow water while there is little friction influence in deeper water 6) . In Su2, low values of SSC may indicate that the upstream bed material may be non erodible or the materials were transported to a depth where the bed shear stress was less than the critical bed shear stress to cause incipient motion.
(3) Spatial variability
The salinity and SSC data 0.5 m below the water surface were used as surface values. The bottom depth of the upstream Sh2 (A.P. -2.3 m) was used to unify the lowest elevation across all stations. Since the salt water intrusion is dominated by gravity, the spatial variation of salinity and SSC were analyzed based on this elevation. At 14:00 flood tide, the surface salinity was low in Shakujii while Sumida river estuary showed increase in both surface and bottom salinity values (Fig.6) . SSC was low in Sumida during flood tide while Shakujii showed influx of runoff with high suspended sediments. Fig.6b1 shows freshwater with high SSC in the surface and saline water with low SSC in the riverbed for Shakujii river estuary. During low tide at 20:00, Sumida river estuary showed partially well mixed vertical salinity while the Shakujii river estuary was stratified due to saltwater retention and the initially high freshwater discharge. Shakujii river estuary showed inverse SSC levels at upstream and downstream because the sediment was transported from Sh2 to Sh1. The bottom depth of Sh2 also had higher SSC probably due to aggregation of cohesive sediments from runoff. Downstream Sumida station had the highest SSC among all stations which is due to bottom erosion. This result is particularly important because the suspended sediments in Su1 may be transported to upstream Sumida and Shakujii river when the tide rises again contributing to channel sediment deposits.
(4) Salinity and SSC relationship
In the beginning of the data gathering, the Shakujii river estuary had high SSC at low salinity levels (Fig.7) . This was due to the freshwater discharge from heavy rainfall carrying high sediments. Sh2 had the same trend until the ebb tide but the values changed due to receding tide, mixing and less upstream discharge. Sh1 on the other hand showed a consistent trend of SSC variation against salinity stratification until low tide. This SSC and salinity relationship suggests the probability of flocculation. Low mixing of the water column, high SSC and turbulence may promote floc growth and settling regardless of the receding water level and ebb current speed. The SSC values were almost the same at stratified salinity in the Sumida river estuary. This result complements the studies of van der Lee 13) and Eisma 14) where salinity has little to no governing effect on flocculation. There was also a trend of sudden increase of SSC at higher salinity values. This may be associated to the phenomena of erosion at the bottom depth which were areas with higher salinity. Despite the variation of SSC during low tide at Sumida downstream, salinity remained partially well mixed due to the influx of freshwater from upstream. 
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(5) POM and SSC relationship
In Shakujii river estuary, SSC and POM have a linear relationship (Fig.8) . This means that the SSC brought in by land drainage and flow from rainfall contains high organic matter from upstream. Particulates from aquatic plant detritus and earth soil may be the sources of upstream POM 15) . This was however not the case in Sumida river estuary since POM level has no direct relationship with SSC. Generally, suspended matter is supplied either from terrestrial erosion or organic matter production 12) . For Sumida river, the suspended particles in the water may have organic matter derived from phytoplankton. These phytoplanktons may be originally present in the Sumida river or transported from the Tokyo Bay. These results are of particular importance to future studies on phytoplankton and dissolved oxygen fluctuations which are not just due to unoxygenated saline water instrusion but may be caused by organic matter decomposition.
CONCLUSION
Rainfall affects urban tidal estuaries particularly the SSC and salinity. In the upstream areas, the effect of tide was lower and river flow was found to dominate. In the downstream, although the effect of tidal velocity was higher, stratification was still evident as heightened by the large freshwater discharge. Huge amounts of sediments were transported at this time scale. Bottom sediment uplift, river bed erosion and flocculation were identified in the multi-branched river estuaries. POM was also found have linear relationship with SSC in the upstream river areas. Mechanics of transport of these sediments is significant since it affects ecological viability, the environment and the economy. Salinity levels fluctuate with the rise and fall of the tide even with the effect of rainfall. It was found that topography played a huge correspondence to the salinity stratification. Floating dead fishes were observed in the Shakujii river during the previous conducted reconnaissance surveys. The results obtained in this study may explain the phenomena in urban tidal river estuaries and understand the unique ecosystem of how estuarine organisms adjust to freshwater and saltwater concentrations. Furthermore, the results obtained may significantly solve current issues on seasonal and periodical occurrence of scum, hypoxia, pollution and odor in urban tidal estuaries. 
